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LIBS GENERAL OVERVIEW )

“ Batteries are an indispensable energy source. They are also a key technology in the transition to climate
- P neutrality ... Global demand for batteries is increasing rapidly and is set to increase 14 times by 2030. The
EU could account for 177 of that demand.”

Lithium lon Batteries

Portable Electronics

. Laptops
Transportation . ..
= < Power tools
Buses .
.. Smartphones
Stationary Accumulation Grid energy

\ Renewable energy

Portable energy storage

\

Stationary energy storage

" INCREASING MARKET

Adapted from Electrochem. Energ. Rev. 2, 1-28 (2019). https://doi.org/10.1007/s41918-0168-0022-z




¥ e

LIBS GENERAL OVERVIEW EE'TTEF;‘;

“ Batteries are an indispensable energy source. They are also a key technology in the transition to climate
- P neutrality ... Global demand for batteries is increasing rapidly and is set to increase 14 times by 2030. The
EU could account for 177 of that demand.”

Time to push toward

Lithium lon Batteries innovative materials research
3.500
Portable Electronics
.................................. P
e Laptops £ 2 625
. ° q) .
Transportation _ Cars . £
.. — < Power tools S
Buses . A
.. Smartphones E 1.750
Stationary Accumulation Grid energy g
= )
\ Renewable energy § 875
Portable energy storage =
Stationary energy storage 0
- INCREASING MARKET : SCOBIEEcBB2ELRIR2ERZ2RIAR
.............................................................. OO OO OOOLOLOODOOLLLLLOLOLOOOO O
NANANNNANNNNNNNNNNNNNNANNNANA

Adapted from Electrochem. Energ. Rev. 2, 1-28 (2019). https://doi.org/10.1007/s41918-0168-0022-z Year
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LIBS GENERAL OVERVIEW GTEQQ
The voltage delivered depends on the cell chemistry hence on the material that forms it.

Discharge LIBs elements

——

" Negative electrode in which oxidation takes place.

" Positive electrode in which reduction takes place.

" Separator & Electrolyte

" Case

|
Current collector
Electrolyte and
Current collector

Separator
Cathode
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LIBS GENERAL OVERVIEW HEEne

The voltage delivered depends on the cell chemistry hence on the material that forms it.

Discharge LIBs elements

ﬁ . ° ° [ °
" Negative electrode in which oxidation takes place.

" Positive electrode in which reduction takes place.

.
§ " Separator & Electrolyte
- \ -
@) \ ®
© § 2 O " Case
- 2 N\ & <
: \ £ : '
E s N ¥t Weight percentages
= e § & < &
S ig:‘ § = X o 5 ® Case @ Cathode CC
) @ Cathode Material Anode CC

@® Anode Material @ Separator & electrolyte

*2) 10% binder — we propose a binder free approach [1] Adapted from RSC Adv., 2014,4, 3633-3642 . DO 10.1039/c3ral5748f
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NASA TRL
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Actual system “flight proven” through successful
mission operations

BATTERIE SFPAZIALI

Actual system completed and “flight qualified” through

O | test and demonstration (ground or space)

Germanium Lithium-Ion baTTERY

System prototype demonstration in a space
environment

Project final GOAL: e

System/subsystem model or prototype demonstration
in a relevant environment (ground or space)

Produce a battery pack with pouch cell format lithium ion

batteries using a porous Germanium electrode

Component and/or breadboard validation in relevant
environment

-

Component and/or breadboard validation in laboratory
environment

)

Project is entirely founded by the

Analytical and experimental critical function and/or
characteristic proof-of-concept

Sl

Italian Space Agency

Technology concept and/or application formulated

Agenzia Spaziale ltaliana

Basic principles observed and reported
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LIBS MATERIALS GTERY
Electrode material : : Standard materials used in commercial LIBs
. . o . BUT
LIC() Li LI225I5 lezGe5
372 3 862 4 200 1624
12 - 420 370
X Low capacity

X Poor rate capabilities

c—.l D0I:10.17188/1273021
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LIBS MATERIALS e

BATTERIE SPAZIALI

Best theoretical specific capacity BUT

v

Electrode material

Lithiated phase ' Li2oSis  LizoGes

Theoretical specific capacity 372
[mAh/g]

Volume change [%] 420 370

4 200 1624
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BATTERIE SPAZIALI

Best theoretical specific capacity BUT

v

Electrode material

Lithiated phase ' Li2oSis  LizoGes

Theoretical specific capacity 372
[mAh/g]

Volume change [%] 420 370

4 200 1624




LIBS MATERIALS e

Best theoretical specific capacity BUT

Electrode material

Lithiated phase ' ‘
Theoretical specific capacity 379

[mAh/g]

Volume change [%]

SEI

(Solid
Electrolyte
Interphase)

| Anode

El 1
jactive material ectrolyte
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Best theoretical specific capacity BUT

Electrode material

Lithiated phase ' ‘
Theoretical specific capacity 372

[mAh/g]

Volume change [%]

SEI 7

(Solid /

Electrolyte ‘ L
Interphase) v

| Anode
| active material

e

Lithium recycling

Electrolyte




£ o

LIBS MATERIALS ol

Electrode material C Li Si Ge High theoretical specific capacity BUT

LiC() Li Li225i5 LizzGe5

372 3 862 4 200 1624

12 - 420 370 X Huge volumetric expansion ( ~ 400 % )

upon lithiation
L,

Pristine

leading to

X Active material pulverisation

X Cracks formation

X Delamination from the substrate

Possible way to cope with this?
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LIBS MATERIALS ?BTERY

Electrode material ¢ L I Ge High theoretical specific capacity BUT
LiCé Li Li225i5 LizzGe5

372 3 862 4 200 1624

12 - 420 370 X Huge volumetric expansion ( ~ 400 % )
upon lithiation

leading to
Nanopores

Pristine X Active material pulverisation
mg e m X Cracks formation
K Delamination from the substrate

(volume accommodation by nano-pores) Possible way to cope with this? Nanostructurization
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LIBS MATERIALS ol

Ge-based electrode practical application is limited to CRITICAL ROW MATERIAL

sectors in which the volumetric energy density e
[Wh/L] is essential.

0 10 20 30 40 50 60 70 30 90

Abundance, atoms of element per 10° atoms of Si

Atomic number, Z
http://pubs.usgs.qov/fs/2002/fs087-02/

14
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LIBS MATERIALS ol

Ge-based electrode practical application is limited to CRITICAL ROW MATERIAL

sectors in which the volumetric energy density
[Wh/L] is essential.

109 ! l ! l I l ! I J l ! I I I I l J l

Electrode material

Abundance, atoms of element per 10° atoms of Si

Th
U
Due to the high theoretical specific capacity
!
A
B
A |
I Promising materials for the AEROSPACE 90
‘ Sector! Atomic number, Z

http://pubs.usgs.qov/fs/2002/fs087-02/

15
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WHY GERMANIUM e
Ge Vs Sl Theoretical capacity
¥ Lower theoretical capacity [1624 mAh/g vs 4200 mAh/g]
Electronic Li-ion
X Si is more abundant (hence cheaper) than Ge conductivity diffusion
Abundance Volumetric

expansion

[]C 1 Ge ] Si
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WHY GERMANIUM Eﬁﬁﬁ?

Ge vs Si
¥ Lower theoretical capacity [1624 mAh/g vs 4200 mAh/ g]

Theoretical capacity

Electronic Li-ion
X Si is more abundant (hence cheaper) than Ge conductivity diffusion
High electronic conductivity : 104 times higher in Ge than Si
[E,(Ge) = 0.66 eV vs E(Si) = 1.1 eV @ 300K].
Abundance Volumetric
expansion

[]C 1 Ge ] Si
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WHY GERMANIUM ey
Ge VS Sl Theoretical capacity
¥ Lower theoretical capacity [1624 mAh/g vs 4200 mAh/ g]
Electronic Li-ion
X Si is more abundant (hence cheaper) than Ge conductivity diffusion
High electronic conductivity : 104 times higher in Ge than Si
[Eg(Ge) = (0.66 eV vs E(S)=11evVa@ 300K].
Abundance Volumetric
expansion

Fast Li-ions diffusion : 400 times faster in Ge than Si

specific capacity [mAh g_l] - mass loading |g]

C-RATE: C-rate =

time [h]

[]C 1 Ge ] Si

1C = 1h charge/discharge

C/2 = 2h charge/discharge
1

2C = Eh charge/discharge
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GLITTERY

Ge vs S1

Theoretical capacity

¥ Lower theoretical capacity [1624 mAh/g vs 4200 mAh/ g]

Electronic Li-ion
X Si is more abundant (hence cheaper) than Ge conductivity diffusion
High electronic conductivity : 104 times higher in Ge than Si
[Eg(Ge) = (0.66 eV vs E(S)=11evVa@ 300K].
Abundance Volumetric
Fast Li-ions diffusion : 400 times faster in Ge than Si Oc [ Ge eépasr;sm

Surface stability : Ge less reactive than Si towards O molecules!l]
Intrinsic suppression of irreversibile capacity loss due to Li,O formation

1C = 1h charge/discharge

C/2 = 2h charge/discharge
1

2C = Eh charge/discharge

specific capacity [mAh g”'] - mass loading [g]
time [h]

C-RATE: C-rate =

[1] doi:10.1088/1757-899X/41/1/012007
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BATTERIE SPAZIALI

Intercalation
mechanism

Alloying
mechanisms

GRAVIMETRIC CAPACITY : the charge stored per unit mass of active material in the electrode

1 F
C . —
Graphite = ¢4 hon Molar Mass

LiC, ~ 372 mAh g_l

STANDARD TECHNOLOGY

22 F
- Ce. = ~ 1624 mAh ¢!
Lipy(es Ge 5 Ge Molar Mass 5




ALLOYING MATERIALS
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-

Intercalation
mechanism

. "\h

GRAVIMETRIC CAPACITY :

S e@w
o ym,ﬁ A
7 Wﬁ's ’
> 8 e =

bl@ V! 'l
,1% % ‘fg _g "’4\

e

1 F

LiC,

STANDARD TECHNOLOGY CGraphite —

5 Ge Molar Mass

6 Carbon Molar Mass

Alloying
mechanisms

the charge stored per unit mass of active material in the electrode

~ 372 mAh g_l

~ 1624 mAh g~!




GERMANIUM LITHIATED PHASES fothe

Ge > Li1sGes > LixnGes

s 5‘7 "‘s‘ AN TSN L /TN LA
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'As" "4&" N T
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A RYTAN
g; %§A§hsasg;=
T AN 1? L ua.

"h, h‘h
7 bw ﬂw
DO 10.17188/1206032 ST\ L"A Q'A
¢~ G g’h AMM Ny e
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l DOI 10.17188/1192682 Qﬂ'jﬂ' W T A TN TN\ 4;‘

Data retrieved from the Materials Project for Li22Ge5 (mp-1204063) from database version v2022.10.28
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SAMPLE PREPARATION éTEpY

TWO STEPS SAMPLE PREPARATION.

1. DEPOSITION 2. NANOSTRUCTURATION
via Chemical Vapor Deposition via Electrochemical Etching

Porous Ge film

1 pym Ge film

Substrate

TOP-DOWN APPROACH

23



PECVD - PLASMA ENHANCED CHEMICAL VAPOUR DEPOSITION o

Turbo Pump

The precursors of the element to be deposited are decomposed
in reactive species

Sus:ters:gr‘ Gate Valve . \/
Load lock
v React chemically to produce a film on the target substrate.

Precursor gas: GeH,

Plasma Source

2 50 A Growth rate: 1.265 nm/s
L0AD LocK D § BINDER FREE ANODE

(o)
®
©
®

TOP@ .-: Active material ONLY!
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PECVD - PLASMA ENHANCED CHEMICAL VAPOUR DEPOSITION e

BATTERIE SPAZIALI

PECVD equipment at the University of Ferrara -
Department of Physics and Earth Science

Milano @ Venezia @

Bologna Ferrara e Provincia

Emilia Romagna

Firenze @

Universita
degli Studi Roma @
di Ferrara

Napoli @
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ELECTROCHEMICAL ETCHING %;EFE;

Electrochemical etching involves non-spontaneous reactions to
— create nano-pores to better accomodate Li ions

 Metallic substrate | + connected to the Aluminum plate

Graphite
electrode (-)

ALY AR

- clamped to a Graphite rod

ois
\\\\\\\\ TOGGLE

580808 o] 40 mA current for 180 s

PO ;
o |

[Aluminum plate (+)j

CPTFE etching tank)

Scheme:

-square: metal foil (3x3 cm)

-dark grey circle: bulk germanium (d=2.8 cm)
-red circle: porous germanium (d=2.5 cm)
-green circle: anode area (d=1.5 cm)

Etching solution:

HF (50 % w/w in H,O): ethanol
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ELECTROCHEMICAL ETCHING o

BATTERIE SPAZIALI

Electrochemical etching involves non-spontaneous reactions to
— create nano-pores to better accomodate Li ions

 Metallic substrate | + connected to the Aluminum plate

Graphite
electrode (-)

- clamped to a Graphite rod

40 mA current for 180 s

[Aluminum plate (+)j

CPTFE etching tank)

Scheme:

-square: metal foil (3x3 cm)

-dark grey circle: bulk germanium (d=2.8 cm)
-red circle: porous germanium (d=2.5 cm)
-green circle: anode area (d=1.5 cm)

Etching solution:
HF (50 % w/w in H,O): ethanol




ELECTROCHEMICAL ETCHING e

Electrochemical etching involves non-spontaneous reactions to
— create nano-pores to better accomodate Li ions

 Metallic substrate | + connected to the Aluminum plate

Graphite
electrode (-)

\\\

- clamped to a Graphite rod

RN
\\\\\\\\\\ \\
NN
\\\\t\\\\ NN

\ \ NN
\\ \\\ \\\ \\
‘:-:\ N AW .=-~\‘
NANEANN

40 mA current for 180 s

[Aluminum plate (+)j

(PTFE etching tank)

Scheme:

-square: metal foil (3x3 cm)

-dark grey circle: bulk germanium (d=2.8 cm)
-red circle: porous germanium (d=2.5 cm)
-green circle: anode area (d=1.5 cm)

Etching solution:
HF (50 % w/w in H,O): ethanol




ELECTROCHEMICAL ETCHING e

Electrochemical etching involves non-spontaneous reactions to
— create nano-pores to better accomodate Li ions

 Metallic substrate | + connected to the Aluminum plate

Graphite
electrode (-)

\\\

- clamped to a Graphite rod

RN
\\\\\\\\\\ \\
NN
\\\\t\\\\ NN

\ \ NN
\\ \\\ \\\ \\
‘:-:\ N AW .=-~\‘
NANEANN

40 mA current for 180 s

[Aluminum plate (+)j

(PTFE etching tank)

Scheme:

-square: metal foil (3x3 cm)

-dark grey circle: bulk germanium (d=2.8 cm)
-red circle: porous germanium (d=2.5 cm)
-green circle: anode area (d=1.5 cm)

Etching solution:
HF (50 % w/w in H,O): ethanol
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GE NANOSTRUCTURIZATION IN HF GTERQ

GE ANODIC DISSOLUTION IN HF - swncmaction || || [

THEORETICAL MODEL™ | S
Divalent and tetravalent dissolution processes \_/
HF b
(1) | Ge+ 6HF +2h" — GeFZ™ + 4H* + H, YV ~ )
(2) Ge + 6HF + 4h+ —> GGF%_ + 6H+ h+/; kA;\h+
SN g
Kt T Bt
h+
MH TN ¢
Ge bulk §§§§§ ’
NN PORE GROWTH
> t
Germanium Wafer dissolution

Adapted from Dupuy et al, Electrochimica Acta (2021), hitps://doi.org/10.1076/).electacta.2021.137935 ——  Reactive surface
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MORPHOLOGY EL'.T?’EF:;
GE BULK GE NANO-STRUCTURED
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m— O O ) JINREaRy—  Nanostrutured Ge (lym)

—— Metallic Substrate > Metallic Substrate
V. Diolaiti, A. Andreoli et al, IEEE International Conference on Nanotechnology, (2022) DOI: 10.1109/NANO54668.2022.9928666

31
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MO VS S§SS SUBSTRATE

Mo substrate

0.5 um

ML

. —— T3 )’
GLITTERY

’,‘ SEM and

SS substrate

V. Diolaiti, A. Andreoli et al, [EEE TNANO Vol 22, (2023) DOI: 10.1109/TNANO.2023.3311757

cross-sectional TEM bright field
images:

- Good adhesion of the film for
both substrates

- Nanostrutures along all the
deposition thickness

32
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CELL ASSEMBLY ETERY

HALF CELL CONFIGURATION FOR A CR2032 CELL

Spring Porous Germanium
Spacer > Electrode
e Spacer
Ar-filled MBraun glovebox L P30 Negative case @
4
FEC additive LP30 : IM LiPF, in EC:DMC=1:1 vol
(ﬂUOI‘ oethylene car bonate) Solvent in the electrolyte:
DMC : dimethyl carbonate [M+H+MeOH]*
e —ryrrrT Mass loadings ~ (0.3 mg EC : ethylene carbonate [M+H]*
O TECNOLOCIA for 1 pm Ge film Conducting salt LiPF; lithium hexafluorophospate
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ELECTROCHEMICAL ANALYSIS ot
(> Cyclic voltammetry on SS and Mo Vel0.0l —15]V
e’ 10 ' '
GeP_Mo_cycle 1
0.8 GeP_Mo_cycle 10 In cathodic scan:
GeP_SS_cycle 1
0.6 GeP_SS_cycle 10 @V = 0.6 V delithiation of the Li,Ge
g 0.4 phases into aGe
g 0.2 De-lithiation In anodic scan:
8 0.0 @V ~ 0.25 V: cGe — LizGes
Lithiation
0.2 ) @ lower V structural transformation
0.4
CLi7Ge3 — aLi7Ge3
0.6

0.0 0.5 ' ‘5 Ve [0.15=0] V conversion

. . o
Potential vs Li/Li" [V] SEI formation
V. Diolaiti, A. Andreoli et al, IEEE TNANO Vol 22, (2023) DOI: 10.1109/TNAND.2023.3311757

aLi7Ge3 — Lil 5Ge4
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ELECTROCHEMICAL ANALYSIS THANK TO SILVI0 Qi)
' FUGATTINI FOR THIS
e INTERESTING FOR AEROSPACE APPLICATIONS! MEASUREMENT
Capacity @ 1C on SS and Mo Capacity @ different C-rates on Mo
1500 PGe SS 05 __1600 — v pr —
50 ¢ B (A)
1000 R © 1400 - S thhlatlon L
gk > Charge Capacity < ol e De-llthlatlon
! » Discharge Capacity ' N e ] s
§’ gty DRSO O S 0 —..Theoretical Graphite Capacity
= .
g ) A O s 0 -~
. 0 50 100 150 200 3 800-
§ 1500 PGe_Mo_06] 5 600- o
- 1000 @ Charge Capacity 8 400
Qo > Discharge Capacity Q i E A =
K 5001 = TheoretcolGraphheCapecty| | 20015 & i3i8 olplo nulE §8 5
(I PIERIE A ACHPN IS S I
oif BEPERD G SATBASART MEEAREHDT SEEATAATTOLBEE 0 20 40 60 80 100 120 140

0 50 100 150 200 Cycle number

2 b d 5. Fugattini, A. Andreoli et al, Electrochimica Acta, Volume 411 (2022)
V. Diolaiti, A. Andreoli et al, IEEE TNANO Vol 22, (2023) DOI. 10.1109/TNAND.2023.3311757 139832, ISSN 0013-4686 https://doi.org/10.1076/).electacta.2022.139832

35
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ELECTROCHEMICAL ANALYSIS THANK TO SILVI0 Qi)
FUGATTINI FOR THESE Y

MEASUREMENTS

(> Temperature investigation: both plots show the performance of a
—  porous Ge based electrode cycled @ 1C

Capacity vs Cycle number Charge/discharge profiles
—~1600 — T (°C)
", » Lithiation A Byl
g 1400 o De-lithiation ) Lo, / ®) _gg
< ‘ s
E 1200 e b =
> bl ol o =20
groooy || 1fg 111 —
S 800 ey
S g 0
g —
= a8 ——-10
G 400 ket —
2 200- e — .20
w : , = : —_ 25
0 | Ef P : :f ;'i 3' ::' E' 1 j& ::r 3 3 e L)
50 100 150 200 250 300 0 250 500 750 1000 1250
Cycle number Specific capacity (mAh g™)

5. Fugattini, A. Andreoli et AL, Electrochimica Acta, Volume 411 (2022) 139832, ISSN 0013-4686 https://doi.org/10.1016/).electacta.2022.139832
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ELECTROCHEMICAL ANALYSIS THANK TO SILVIO e
FUGATTINI FOR THIS Mg

(> MEASUREMENT
BEST RESULT ACHIEVED SO FAR!

Coulombic Efficiency > 99.99% .

» Lithiation
» De-lithiation

0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Cycle nhumber

5. Fugattini, A. Andreoli et AL, Electrochimica Acta, Volume 411 (2022) 139832, ISSN 0013-4686 https://doi.org/10.1016/).electacta.2022.139832
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CONCLUSIONS ETEFN

The here proposed Porous Germanium anode shows promising results: [1]
" Specific capacity over 3x higher than standard graphite
only 1/3 of the active material is needed ® Case @ CathodeCC @ Cathode Material
Anode CC @ Anode Material ® Separator &
electrolyte

From [1] the total cell mass of a LFP | Graphite 18650 cell is 38.8 g
— 5.04 g Graphite

—>  only 1.68 g of Germanium
Saving 8.7% of weight!

(1] Adapted from RSC Adv., 2014,4, 3633-3642 . DOI: 10.1039/c3raks 7461

38



CONCLUSIONS ?BTERY

The here proposed Porous Germanium anode shows promising results:
" Specific capacity over 3x higher than standard graphite
" Impressive stability for hundreds of cycles

" High rate capability

NEXT STEPS

" Mass loading increase

" Coin and pouch full cells

ZQ‘ N e

LITTERY

BATTERIE SFPAZIALI

* SEI formation mechanisms




CONCLUSION .
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DITECNOLOGIA

Agenzia Spaziale Italiana

The activities shown have been supported and funded by the Italian Space Agency, in the framework of the invitation
to tender “Interdisciplinary Enabling Technologies” (ASI loan agreement N. 2021-2-U.0),
project GLITTERY (Germanium Lithium-Ion baTTERY).
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BACK UPS A

BATTERIE SPAZIALI

BACKUP SLIDES
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BACK UPS- POROSITY CALCULATION e
MO SAMPLE GE BULK GE NANO-STRUCTURED

Poroit void volume mass removed
orosity=———m8Mm —— = ————
Y layer total volume total mass

L4
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BACK UPS - V Vs LI ease

CATHODE MATERIALS ANODE MATERIALS
An intercalation cathode is a solid host which Commercial LIB use graphite anodes which has
can store guest ions which can be inserted and a layered structure, but tha anode material also
removed in a reversible way. includes Li-alloy

Crystal structures of representative intercalation cathodes

(b)

Layered Layered

(c)

SO,

Olivine Tavorite

[4] Nitta et al, “Li-ion battery materials: present and future”, http.//dx.doi.org/10.1016/ j.mattod.2014.10.040
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BACK UPS - LIPF6 GTEQQ

F f r  The most used conducting salt is LiPF
<IN the protection of Al current collectors

X chemical and thermal instability in organic carbonates —> electrolyte ageing

The formation of ageing products begins with the reaction with organic carbonate with PF-.

The electrochemical reaction of the electrolyte compounds at the charge anode build a protective
layer on the anode, the Solid Electrolyte Interface (SEI)

In battery applications one exploits: - jts high solubility in non-aqueous polar solvents

- Inertness of PFg anion towards strong reducing agents such

as metallic Li




BACK UPS - PECVD ETEFN

Alow energy plasma is used to avoid damage to the crystal structure from high-energy ions.

lon energy vs. Pressure

Plasma Source

The plasma is excited ata v = 13.56 MHz " eiesriemo
A
- : Gate Valve
. ‘ | Hg‘us:;g?:; Load lock
140 - 3
:
. . '~ |20.._........: ...........................................................................
only e~ are effectively 3 :
? 100 ‘ Turbo Pump
accelerated § \
§ Bl Jessessanssnases il T e Rt ST eI T o
A\‘
energy transfer to the heavy = [ 5
o o 40 - .
particles occurs only via = 4 i -
¢ o 20 -
collision 5
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BACK UPS - RADAR PLOT e
Ge Si C
Theoretical capacity [mAh/g] " 1624 4200 372
Volume expansion [%]"" 370 420 12
Li ion diffusion [cm?2/s] 651 % 10~12 11 141x10~14m  ~ 10~
Electronic conductivity [S/m] 21 m 1.6x1072 1 ~10° 21 fheortical capacity
Abundance 100 107 105
Electronic conductivity dil;;;jgirc])n
Abundance Volumetric
[1] https://doi.org/10.1016/).ensm.2020.05.010 expansion

[2] https://doi.org/10.1021/;z100188d ] C Ll Ge ] Si



https://doi.org/10.1021/jz100188d
https://doi.org/10.1016/j.ensm.2020.05.010
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BACK UPS - A

ELECTROCHEMICAL CHARACTERISATIONS

: Cyclic Voltammetr
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BACK UPS - C-RATE ON MO AND SS A
15004 @ Charge Capacity GeP_Mo_rate03 15004 @ Charge Capacity GeP_SS_rate04
@ Discharge Capacity @ Discharge Capacity
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BACK UPS - DIP éTepY

Mo rate 185"
Mo life 185"
SS rate 185"
SS life 185"

dQ/dE [V]

0.0 0.5 1.0 1.5
Potential Li/Li* [V]




BACK UPS - V vS LI e

Pristine
Molybdenum

No contribution from
the substrates

Porous Germanium
on Molybdenum

0.1 mVIis

0.0 0.5 1.0 1.5 2.0 2.5 3.0




